(1) The alloy material 20CrMnTiH is widely used in gear manufacturing, but difficult to process, and its quantity (efficiency) and quality (surface quality) are generally negative correlation indicators. As a difficult but realistic problem, it is of important practical significance to explore how to efficiently grind high-precision low-carbon alloy gear workpieces. (2) Firstly, the pixel method was applied to analyze the grinding principles and explore the grinding parameters-the grinding wheel speed and grinding wheel frame moving speed-as well as the feed rate, which impacts the grinding indicators. Secondly, based on the ceramic microcrystalline corundum grinding wheel and the 20CrMnTiH gear workpiece, controlled experiments with 28 groups of grinding parameters were conducted. Moreover, the impact curves of the grinding parameters on the grinding indicators-the grinding efficiency, grinding wheel life, and surface roughness-were obtained by the multiple linear regression method. Finally, the multi-objective optimization method was used to comprehensively optimize the grinding process. (3) Compared with the traditional grinding process, under optimized grinding parameters, the 20CrMnTiH gear workpieces have a lower surface roughness and a longer grinding wheel life, and require a shorter time to achieve grinding accuracy. (4) The grinding experiments showed that the grinding parameters are linearly related to the grinding indicators. The optimization results show that the precision, efficiency, and economy of the 20CrMnTiH gear grinding process have been improved via the comprehensive optimization of the grinding parameters.
Introduction
As the second high-hardness material in nature, the microcrystalline corundum has dense texture and sharp-pointed particles, which has a significant and decisive impact on the material's properties [1] . Ceramics and resins are generally used as its binders for grinding, polishing, sand blasting, and precision casting. Furthermore, the ceramic microcrystalline corundum is more and more applied as the material of the grinding wheel to grind the 20CrMnTiH gear workpiece. The selection of binder and composite abrasive is extraordinarily important, as the abrasive composition has a large influence on the physical properties of the grinding wheel [2, 3] . For example, corundum composite abrasives containing Fe-Ce [4, 5] and Ti [6] were used to grind diamond films more efficiently. The ceramic microcrystalline corundum grinding wheel prepared by hollow ball corundum particles as a pore former [7] has good microstructure and heat dissipation [8] . A large number of experiments have shown that because of the excellent hardness and heat dissipation characteristics, microcrystalline decreases greatly. The grinding wheel life is characterized by the actual grinding time T D between two dressings in this paper.
The rest of the paper is organized as follows. The materials and methods are introduced in Section 2. The grinding parameters, including the grinding wheel speed, grinding wheel frame moving speed, and feed rate, are obtained via the analysis of the grinding principle in Section 3.1. The group experiments of grinding parameters and grinding indicators are conducted and analyzed in Section 3, including the impact curve. The correlation function for multi-objective optimization is solved in Section 4. The results are discussed in Section 5. The paper is summarized in Section 6.
Materials and Methods
The grinding combination of ceramic microcrystalline corundum grinding wheels and 20CrMnTiH gear workpieces was selected as the experiment sample for the worm grinding experiment. Twenty-eight sets of comparative control experiments were conducted. The relationship between grinding parameters and indicators is explored.
Materials
The chemical composition and physical properties of the microcrystalline corundum and 20CrMnTiH are shown in Tables 1-4. The main component of microcrystalline corundum is α-Al 2 O 3 , whose hardness is second only to diamond. The ceramic microcrystalline corundum is widely used in grinding due to its excellent toughness, shock resistance, high mechanical strength, and hardness. The 20CrMnTiH has high hardenability, strength, and toughness under the condition of ensuring hardenability, especially high/low temperature impact toughness and good fatigue resistance. However, the difficult grinding process and low grinding efficiency make the optimization of the grinding parameters for the grinding process of great practical significance.
Methods
The flow chart of the grinding parameter optimization in this paper is shown in Figure 1 . Based on the design of the experimental process, 28 sets of comparative control experiments (8, 10, and 10 sets for the feed rate, grinding wheel frame speed, grinding wheel speed, respectively) were conducted on a Chinese grinding machine tool YKZ7230 (Qinchuan Machine Tool & Tool Group Share Co., Ltd., Shaanxi, China). The gear parameters and experiment equipment are shown in Table 5 and Figure 2 , respectively. The experiment data is fitted to obtain the correlation curves between grinding parameters (grinding wheel speed ng, feed rate, vh; and grinding wheel frame moving speed, vv) and grinding indicators (surface roughness, Ra; the time required to achieve machining accuracy, TG; and grinding wheel life, TD). The multi-objective optimization model of grinding indicators includes Ra, TG, and TD. The experiment results show that the optimized grinding parameters can maximize the grinding wheel life and shorten the grinding cycle under the premise of ensuring the processing precision, which confirms the feasibility and superiority of the grinding parameters' optimization.
Analysis of Experimental Results
A worm grinding machine is used in this paper. Through the analysis of the grinding process, the grinding parameters affecting the surface roughness, efficiency, and the grinding wheel life are determined. The grouping experiments were carried out according to the determined grinding parameters. The experiment data is fitted to obtain the correlation curves between grinding parameters (grinding wheel speed ng, feed rate, vh; and grinding wheel frame moving speed, vv) and grinding indicators (surface roughness, Ra; the time required to achieve machining accuracy, TG; and grinding wheel life, TD). The multi-objective optimization model of grinding indicators includes Ra, TG, and TD. The experiment results show that the optimized grinding parameters can maximize the grinding wheel life and shorten the grinding cycle under the premise of ensuring the processing precision, which confirms the feasibility and superiority of the grinding parameters' optimization.
A worm grinding machine is used in this paper. Through the analysis of the grinding process, the grinding parameters affecting the surface roughness, efficiency, and the grinding wheel life are determined. The grouping experiments were carried out according to the determined grinding parameters.
Obtaining effective grinding parameters Grinding mechanism analysis
Obtaining impact functions and curves
Variable controlled grinding experiments
Improving grinding effectiveness and precision Multi-objective optimization The experiment data is fitted to obtain the correlation curves between grinding parameters (grinding wheel speed ng, feed rate, v h ; and grinding wheel frame moving speed, v v ) and grinding indicators (surface roughness, Ra; the time required to achieve machining accuracy, T G ; and grinding wheel life, T D ). The multi-objective optimization model of grinding indicators includes Ra, T G , and T D . The experiment results show that the optimized grinding parameters can maximize the grinding wheel life and shorten the grinding cycle under the premise of ensuring the processing precision, which confirms the feasibility and superiority of the grinding parameters' optimization.
Analysis of Experimental Results
Worm Grinding Process Analysis
In this paper, the workpiece is an involute helical gear with an outer diameter of 300 mm. The principle of involute formation and the grinding process of the worm grinder are shown in Figure 3 . In this paper, the workpiece is an involute helical gear with an outer diameter of 300 mm. The principle of involute formation and the grinding process of the worm grinder are shown in Figure 3 . The pressure angle can be deduced from the involute function
The grinding principle of the worm wheel grinding machine is the same as that of the worm gear grinding machine. Through the relative rotational movement of the gear workpiece and the grinding wheel, the material is cut off under the transverse and longitudinal common feeding, and the tooth surface is formed (Figure 4 ). The pressure angle can be deduced from the involute function
The grinding principle of the worm wheel grinding machine is the same as that of the worm gear grinding machine. Through the relative rotational movement of the gear workpiece and the grinding wheel, the material is cut off under the transverse and longitudinal common feeding, and the tooth surface is formed (Figure 4 ). The envelope curve equation of a point on the grinding wheel in the gear workpiece coordinate system is as shown in Equation (2) .
where k = ±1 represents the direction of rotation; (x wg , y wg , and z wg ) represent the relative coordinates of the grinding wheel in the workpiece coordinate system, and Φ represents the relative rotation angle. The grinding effect map is obtained by pixel analysis (Figure 5 ).
1.
Calculating the sweeping surface of the worm enveloping grinding wheel according to the movement relationship between the worm and the forming grinding wheel (step 1); 2.
Performing posture enlargement on the swept surface (magnification K1) (step 2); 3.
Using the coordinate transformation rule to convert the captured coordinate point set of each interval to a unified coordinate system and obtain a dense data point set that is capable of completely characterizing a complete grinding wheel contour (step 3); 4.
Diluting and smoothing the resulting dense data point set to obtain a smooth grinding wheel profile (step 4).
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1. Calculating the sweeping surface of the worm enveloping grinding wheel according to the movement relationship between the worm and the forming grinding wheel (step 1); 2. Performing posture enlargement on the swept surface (magnification K1) (step 2); 3. Using the coordinate transformation rule to convert the captured coordinate point set of each interval to a unified coordinate system and obtain a dense data point set that is capable of completely characterizing a complete grinding wheel contour (step 3); 4. Diluting and smoothing the resulting dense data point set to obtain a smooth grinding wheel profile (step 4). From the analysis of Equation 2, Figure 4b , and Figure 5 , in addition to the grinding wheel speed during the grinding process, the transverse direction (feed rate) and the longitudinal feed rate (the wheel frame speed) also have a certain impact on the material removal rate, surface roughness, and grinding wheel life.
Analysis of Grinding Wheel Speed and Efficiency, Grinding Wheel Life, and Surface Roughness
When exploring the relationship between the grinding wheel speed and efficiency, as well as between the grinding wheel life and surface roughness, the grinding wheel speed was controlled as a variable, and the feed rate and grinding wheel frame speed were constant. The grouping processing experiments were carried out according to the commonly used grinding wheel speed interval. The experiment grouping and results are shown in Table 6 . From the analysis of Equation (2), Figure 4b , and Figure 5 , in addition to the grinding wheel speed during the grinding process, the transverse direction (feed rate) and the longitudinal feed rate (the wheel frame speed) also have a certain impact on the material removal rate, surface roughness, and grinding wheel life.
When exploring the relationship between the grinding wheel speed and efficiency, as well as between the grinding wheel life and surface roughness, the grinding wheel speed was controlled as a variable, and the feed rate and grinding wheel frame speed were constant. The grouping processing experiments were carried out according to the commonly used grinding wheel speed interval. The experiment grouping and results are shown in Table 6 . 
Analysis of Feed Rate and Efficiency, Grinding Wheel Life, and Surface Roughness
The feed rate is a key factor affecting both the surface roughness and wheel life, whose effect is no less than that of the grinding wheel speed. When exploring the relationship between the feed rate and efficiency, as well as between the grinding wheel life and surface roughness, the feed rate was controlled as a variable, and the grinding wheel speed and grinding wheel frame speed were constant. The grouping processing experiment was carried out according to the commonly used feed rate interval. The experiment grouping and results are shown in Table 7 . 
Analysis of Wheel Frame Speed and Efficiency, Grinding Wheel Life, and Surface Roughness
For exploring the relationship between the grinding wheel frame moving speed and grinding indicators, the grinding wheel frame moving speed was controlled as a variable, and the grinding wheel speed and feed rate were constant. The grouping processing experiment was carried out according to the commonly used grinding wheel frame speed interval (Table 8) . 
Impact Curve Analysis
The ceramic microcrystalline corundum grinding wheel grinding 20CrMnTiH gear workpiece experiment was divided into 28 groups; the processed gear workpiece is shown in Figure 6a . According to the processing data, the impact curves of the grinding parameters on the efficiency, grinding wheel life, and surface roughness were fitted. The fitting results are shown in Figure 6 . The results show that due to the influence of resonance, noise, or other external factors, the fitting curve has occasional peak waves, but is linearly correlated as a whole. results show that due to the influence of resonance, noise, or other external factors, the fitting curve has occasional peak waves, but is linearly correlated as a whole. 
Multi-objective Optimization Results
It can be seen from Figure 6 that when considering a single variable, the grinding parameters are linearly related to the surface roughness, efficiency, and grinding wheel life as a whole, which indicates that the surface roughness, efficiency, and grinding wheel life and are in a multivariate 
It can be seen from Figure 6 that when considering a single variable, the grinding parameters are linearly related to the surface roughness, efficiency, and grinding wheel life as a whole, which indicates that the surface roughness, efficiency, and grinding wheel life and are in a multivariate linear relationship with the grinding parameters.
As a branch of mathematical programming, multi-objective optimization aims to study the optimization of multiple targets in a given area. The solution methods mainly include the following:
1.
Converting multiple to fewer: converting multi-objects into a single object or double objects that are easy to solve, including the main target method and linear weighting method. 2.
The hierarchical sequence method: the targets are sorted according to importance, and each time, the next target optimal solution is obtained in the previous target optimal solution set until the common optimal solution is obtained. 3.
The analytic hierarchy method: a combination of qualitative and quantitative methods, which is suitable for fuzzy target variable optimization.
In this paper, the ideal point method is combined with the layered sequence method. Firstly, the impact functions of surface roughness, grinding wheel life, and the time acquired to achieve machining accuracy regarding the grinding parameters are obtained. Moreover, in the solution of meeting the surface roughness requirements, the ideal point method is used to convert the grinding wheel life and the time acquired to achieve machining accuracy into a single target plan, where the weight coefficients of the grinding wheel life λ G and the time acquired to achieve machining accuracy λ D are the same.
Impact Function Solution
The multivariate linear regression method is used to obtain the multivariate linear functions of surface roughness, efficiency, and grinding wheel life regarding the grinding parameters (Equation (3)):
where 500 ≤ n g ≤ 4000, 0.1 ≤ T G ≤ 1.0, and 0.1 ≤ T D ≤ 1.0.
Grinding Parameter Optimization
Obviously, the objective function of grinding parameter optimization cannot guarantee that the surface roughness, efficiency, and grinding wheel life achieve optimization at the same time. In view of the machine tool company having corresponding surface roughness requirements for different grinding stages, the objective function in this paper is to guarantee the difference between the time acquired to achieve grinding accuracy and grinding wheel life optimization under the surface roughness requirement.
To improve the practical application value of our work, the specified surface roughness of rough grinding (Ra: 2 µm), fine grinding (Ra: 1.2 µm), and ultra-fine grinding (Ra: 0.05 µm) are used as the constraints of multi-objective optimization. The multi-objective programming mathematical model of ceramic microcrystalline corundum grinding 20CrMnTiH is established as Equation (4):
Rough grinding (Fine grinding/Ultra-fine grinding):
As one of the evaluation criteria of the grinding machine tool, the surface roughness is constrained to reduce the dimension of the multi-objective programming mathematical model.
Rough grinding (Fine grinding/Ultra-fine grinding) (Equation (5)):
To solve this optimization equation, we convert this multi-objective programming into a standard form (Equation (6)):
where x 1 , x 2 , x 3 , x 4 , and x 5 are slack variables.
Optimization Results
The solution results via the dual simplex method are shown in Table 9 . BO and AO represent 'before optimization' and 'after optimization', respectively. The optimized grinding parameters and indicators are compared with the traditional indicators. The optimization results are shown in the table above. Under the premise of the same surface roughness, the grinding wheel life is extended, and the grinding time is shortened. Specifically, for rough grinding, the grinding time acquired is reduced by 0.729 min, and the grinding wheel life is increased by 14.6682 h. For fine grinding, the grinding time acquired is reduced by 1.9437 min, and the grinding wheel life is increased by 8.5464 h. For ultra-fine grinding, the grinding time acquired is reduced by 1.6453 min, and the grinding wheel life is increased by 5.7238 h. For the total grinding process including rough grinding, fine grinding, and ultra-fine grinding, the time acquired is reduced by 4.3174 min, and the grinding wheel life is increased by 28.9384 h. The optimization results are validated on the experiment grinding machine tool YKZ7230.
Discussion
To optimize and improve the grinding process of 20CrMnTiH gear, firstly, we applied the pixel method to analyze the worm wheel grinding process, and the analysis results show that similar to the traditional cutting process, three grinding parameters-the feed rate, the grinding wheel speed, and the grinding wheel frame moving speed-have a comprehensive impact on the grinding indicators, which is decided by the worm wheel grinding principle and characteristics [24] . Secondly, 28 groups of variable controlled experiments were carried out, and the experiment results indicate that the impact of the grinding parameters on the grinding indicators is linearly correlated. Finally, through the multi-objective optimization of grinding, the time required to achieve the same accuracy is greatly shortened, and the grinding wheel life is improved significantly, which indicates that the ceramic micrystalline grinding wheel is used more fully and effectively.
Conclusions
Based on the ceramic microcrystalline corundum grinding wheel grinding 20CrMnTiH gear workpiece, a large number of variable controlled group experiments were conducted. The study focuses on the impact and optimization analysis of grinding parameters on the grinding indicators. In the course of this analysis, we have demonstrated:
1.
The grinding parameters are linearly correlated to the grinding indicators; 2.
The precision, efficiency, and economy of the grinding process are improved comprehensively via the comprehensive optimization of the grinding parameters. 
